Granular activated carbon (GAC) is an alternative filter substrate for municipal water treatment as it provides a high surface area suitable for microbial colonization. The resulting microbial growth promotes biodegradation of organic materials and other contaminants from influent waters. Here, the community structure of the bacteria associated with three GAC and two anthracite filters was examined over 12 months to monitor changes in community composition. Nearly complete 16S rRNA genes were polymerase chain reaction amplified for terminal restriction fragment length polymorphism (T-RFLP) analyses. The identity of commonly occurring peaks was determined through the construction of five representative 16S rRNA clone libraries. Based on sequence analysis, the bacterial communities associated with both anthracite and GAC filters appear to be composed of environmentally derived bacteria, with no known human pathogens. Analysis of similarity tests revealed that significant differences in bacterial community structure occurred over time, with filter substrate playing an important role in determining community composition. GAC filters exhibited the greatest degree of bacterial community variability over the sampling period, while anthracite filters showed a lower degree of variability and less change in community composition. Thus, GAC may be a suitable biologically active filter substrate for the treatment of municipal drinking water.
INTRODUCTION
Throughout the USA, municipal drinking water treatment facilities are faced with the increasingly difficult task of delivering safe, potable drinking water to their customers.
Technologies such as flocculation, coagulation, aeration, physical filtration, disinfections, and ozone and UV treatment are often utilized by these facilities to combat the inherent contamination that exists in environmental influents (Edzwald ; Camel & Bermond ; Hitzfeld municipalities are burdened with the high costs associated with replacing the filter substrate. If, however, the GAC is allowed to become biologically active, the efficiency of filtration by the GAC can be increased, extending its use well beyond saturation (Karanfil et al. ; van der Hoek et al. ) . While a recent study showed that GAC filtration is a more effective treatment alternative to traditional anthracite-sand filters at removing unwanted compounds (Chien et al. ) , biologically active GAC could further increase drinking water filtration efficiency by providing a stable, sustainable substrate capable of removing performance-inhibiting organic compounds from the treated water (Wang et al. ) . Before moving forward and fully employing this new technology, rigorous examinations investigating the efficacy and safety of GAC filters over other treatment technologies must be conducted.
For this study, a demonstration-scale GAC filtration facility was constructed by the Birmingham Water Works
Board at the Shades Mountain Filter Plant (SMFP) in
Birmingham, Alabama. In addition, this plant housed a mobile anthracite filtration unit that was used in parallel to comparatively examine GAC filtration and anthracite filtration. Both filtration systems were fed from a receiving basin of water pumped from the Cahaba River. The Cahaba River is one of the few remaining free flowing rivers in Alabama, and the exclusive water source for 25% of the population of Alabama (El-Kaddah & Carey ).
It drains an urban watershed influenced by a variety of environmental and industrial processes and receives over 26 million gallons of treated wastewater effluent on an average day (Lalor & Pitt ) . Combined with the many species of relatively harmless bacteria common to environmental habitats, the Cahaba River is home to a variety of pathogenic and parasitic bacteria (Mahbubani et al. ) that could pose risks to human health should they enter the drinking water supply.
As a means to examine the efficacy of GAC and anthracite as components of an comprehensive drinking water treatment system, the main objectives of this study were to firstly, survey the dominant bacteria within both GAC and anthracite filters to identify the types of bacteria colonizing the filters, and detect the presence of human pathogens, and secondly, to examine the stability of those bacterial communities over time. In order to identify abiotic factors influencing bacterial community composition and stability, we investigated the impacts of substrate type, colonization time, chlorination, and substrate depth on microbial community development in both GAC and anthracite filters.
Molecular 16S rRNA gene-based techniques were applied during this study, which provided a mechanism to gain insight into the stability of the bacterial communities within the filter systems, and assess the latent health threats created by the potential colonization of the filters by human pathogenic bacteria.
MATERIALS AND METHODS

Pilot and demonstration filtration systems
The SMFP is an 80 million gallon a day (MGD) conventional water filtration plant owned and operated by The Water Works Board of the City of Birmingham (BWWB). SMFP is supplied by the Cahaba River and is supplemented by releases from Lake Purdy, a 5.7-billion gallon reservoir operated by the BWWB on the Little Cahaba River. Upstream of the raw water intake, the Cahaba River is influenced by both wastewater and industrial dischargers. Raw water is pumped from the Cahaba River System, via the Cahaba Pumping Station (CPS), to the receiving basin south of the SMFP. At the CPS, chemicals, including powder activated carbon, potassium permanganate (KMnO 4 ), and/or polymer, are added to the water prior to being pumped to the receiving basin as needed. Two facilities, a pilot plant facility and a demonstration facility located at the SMFP were utilized during the course of this project. (Table 1) . under UV transillumination to assess the banding patterns.
Sample collection
Ninety-two clones demonstrating unique banding patterns were selected for sequencing. Overnight cultures of the transformants amended with glycerol were shipped to the Genome Center at Washington University for sequencing.
T-RFLP analysis
For digestion reactions, 400 ng of triplicate pooled PCR products were cleaned using QIAquick PCR Purification Kit size standard. The samples were analysed using an ABI 3100 Genetic Analyzer with a 50 cm capillary array (Applied Biosystems), and fragments determined using Applied Biosystems GeneScan software. Data matrices were constructed using peaks above a threshold of 50 fluorescence units, which was considered the background level.
Peaks smaller than 100 bp and greater than 500 bp were removed from the data set to avoid uncertainties associated with fragment size determination. To determine which peaks were further analysed, the variable threshold method (Osborne et al. ) was employed.
Statistical analyses
Sample T-RFLP profiles were uploaded to the Internet-based data analysis program T-REX ( HaeIII were considered to be a single operational taxonomic unit (OTU). Rarefaction curves were generated for OTU definitions of 99, 97, and 94% sequence homology. The sequence data showed that both GAC and anthracite filters were colonized by environmentally derived bacteria; none of the 67 sequences were closely related to common human pathogens (Table 2) . Percent identity values to the closest GenBank match ranged from 78 to 99%. Sixty-six percent of clones exhibited greater than 5% sequence divergence to the closest match, which suggests that a large percentage of the bacterial species present within the filters likely represents currently uncharacterised, novel species and/or genera.
RESULTS
Ninety
Only three clones (HQ642780, HQ642781 and HG642807) were most closely related to organisms obtained previously from drinking water treatment facilities. From those earlier studies, Sphingomonas sp. were recovered from a sand filter, and Crenothrix polyspora was found in a GAC water treatment facility. Interestingly, although the source water for the treatment facility in this study was obtained from a local river, only 13.4% of the sequences showed that the closest sequence match was derived from a freshwater environment.
T-RFLP methodology was used to examine the bacterial communities in all sampled filters (n ¼ 70). Analysis of individual TRFs present in each substrate type showed a mean TRFs per sample number of 38.72 for GAC filters, and 87.08 for anthracite filters. The number of TRFs ranged from 6 to 313 and 27 to 126 for GAC and anthracite filters, respectively. Great variation was apparent in the samples over the sampling period but no trends were noted for the number of TRFs recovered over time, depth, substrate, or treatment (e.g., chlorination).
In silico digestion was performed on the sequences derived from the 16S rRNA clone library. Digests resulting in fragment sizes outside the TAMRA size standard (below months; however, the only significant difference in the late months occurred between filters D4 and P6. We anticipate that these significant values likely reflect differences in substrate (GAC vs. anthracite).
Non-metric multidimensional scaling (MDS) plots were constructed to display relationships between bacterial community composition and abiotic components of the filter systems, revealing potential determinants influencing the bacterial communities within the filters (Figures 1 and 2 ). Pseudomonas. Similarly, we failed to identify any coliform bacteria in our study and instead found the bacterial communities to be dominated by aquatic and terrestrially derived microorganisms. It is likely that a variety of factors, including differences in environmental conditions of waters supplying the treatment facilities, treatment effects and methodologies employed, contributed to the variation found in these studies. Additional molecular-based research may help to further elucidate the composition of the bacteria associated with biofilter substrates.
The majority of the bacterial clones recovered from our GAC and anthracite filters were most closely related to common soil or aquatic bacteria (Table 2) . Interestingly, 79% of the clones exhibited greater than 3% sequence divergence from the closest reference sequence and 66% exhibited greater than 5% sequence divergence. This suggests that our filters were predominantly colonized by novel species or genera, which is not surprising considering that the vast majority of bacteria remain uncharacterised. were detected in these filters (Table 2) ; however, two clones most closely related to the species Leptothrix gensengisoli were identified in one of the GAC filters. Although L. gensengisoli is not known to be a human pathogen, a related species of Leptothrix, L. buccalis, is known to be pathogenic to humans. Additional work needs to be performed in order to more completely characterise the associated bacterial communities.
T-RFLP analyses were employed to provide temporal information on the abundant members of the bacterial communities within the filters. This method has proven to be a useful tool in investigating bacterial communities from a variety of environments (Schutte et al. ) , and was used here to comparatively examine factors influencing bacterial community structure. To our knowledge, this is the first application of T-RFLP methodology to characterise the bacteria colonising GAC or anthracite filters for drinking water treatment.
Analysis of T-RFLP data showed filter substrate significantly influenced bacterial community structure. Anthracite filters demonstrated less bacterial variability over the entire sampling period than GAC filters. Mean TRF peak number was significantly greater in anthracite filters (87.08 vs. 38.72 for GAC), suggesting that these filters maintained a diverse but relatively consistent bacterial community. Rarefaction curves generated from clone library sequence analysis indicated that GAC filters supported a greater number of OTUs than anthracite filters, at least in September 2008.
Time was also a significant factor shaping bacterial community structure within the filters. As expected, all filters exhibited highly variable profiles during the 'Early' period of colonisation. During this period, many bacteria entered the filter matrix in the source water and attached themselves to the filter substrate. After the initial acclimation and colonisation period had passed, overall community structure became less variable. This was likely due to the presence of certain types of bacteria that were more adept at colonising the filters and able to out-compete other species both temporally and spatially. As a result, when 'Early' samples were excluded from analyses, time ceased to be a significant factor regulating community structure.
Depth was the only studied parameter that exhibited a significant effect on bacterial community structure in the 'Late' samples. It is thought that this is the result of bacteria becoming spatially partitioned within the filter columns as time progressed. Factors influencing this distribution may include the availability of organic materials, as the communities associated with the substrate material closest to the influent source water may be able to utilise those compounds that are readily broken down while bacteria further down in the substrate may have to utilise the remaining more recalcitrant compounds. No analyses of functional genes were conducted in this study but will be important in future studies to determine which organisms are capable of utilising the various organic compounds.
Subjecting the filter bed to chlorinated backwash did not appear to significantly contribute to changes in community structure. A previous study by LeChevallier et al. () showed that, when attached to GAC, bacteria exhibit a high degree of resistance to chlorine disinfection. Moreover, it has been shown in drinking water systems treated with chlorine, a strong selection exists for chlorine-tolerant bacteria that are more resistant to chlorine disinfection; an effect not found in unchlorinated systems (Ridgway & Olson ) . Our sample size was not sufficient to address interactive effects between chlorination, substrate type time, and depth in shaping community structure within the filters, which likely occurred.
Although subjected to identical source groundwater, the two treatment facilities used for this study differed in both construction and treatment parameters. Also, the filter backwash rate in the pilot facility differed from that of the demo facility due to programming restraints within the automatic backwash function, and it can be assumed that water flow through the media was altered by differences in construction. It is unclear whether differences in construction contribute to differences in bacterial colonisation, but community composition did differ between GAC and anthracite filters.
CONCLUSIONS
In summary, a number of factors appear to contribute to the variation found in the bacterial species colonising biofilters including media composition, colonisation time, and depth.
Although biofilters can become colonised by an array of human pathogenic bacteria, the molecular genetic techniques employed here revealed that the majority of bacteria found colonising both the anthracite and GAC filters in this study were consistent with common water and soil bacteria. The data indicated that both GAC and anthracite have the potential to be effective substrate types for the recruitment of diverse communities of non-pathogenic, environmentally derived bacteria.
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